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The develapment and design of prototype hydrophones for tire Versatile Experim-ental
Kev!.ar Array (VEKA), a distributed-sensor suspended cable system, and a 32-channcd Ship-
bai9rd Acoustic Receiving Arnplitter (SARA.) is presented. The approach was to 6esign hydro-
phones which arc specifi-ally made aa integral part of the free-flooded compliant cable during
fa~trication. The ar-ray design required the hydrophones to be mounted coaxially within the
strength members of time cable and electric, 1 conductors. The hydrophone is a high -sensitivity
low-self-n Tlse design. The design includes a custom-made hybeid rn'croclectr'inic prearr plitlrer-
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20. Abstract (Continued)

-_nounted within Lhe acoustic sensor element. The preamplifier uses ,I current-mode line driver to
send the etectricai signal up tht- VEKA cable to the SARA, where the signal is converted to a voltage
and amplified prior to signal processing. Milestones of the hydrophone development were: design of
a preamplifier system capable of driving 9200 m of cable in either a voltage or currc.-• mode (two-
wire system); development and application of hybrid microelectronic circuits to noise-measuring
hydrouhones; and design of a inlique remote switching circuil, to provide calibration functions,
iydrophone output signals, and hydrophone power on a two-wire system.
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VERSATILE EXPERIMENTAL KEVLAR ARRAY 1IYDROPlIONEY:S

USRI) TYPE 1178

INTRODUJCTION

The Naval Ocean ReCsearc2h and Development Activity (NORDA) and thlt NRHL Acouls-
tics Division jointly 'tasked the NRL Zhnderwater Sound Reforence Detachment (LJSRD) t.o
develop and construct prototype hvdrophones and associated electronics for tile V'ersatile
Experimental Kevlar Array (VFKA 1-A). The array program is a use of the cable tech-
nology p)rovidr-d by a program sponsored by the Naval Facilities Engineering Command
during FY-1971_through Y 175 L11. A major objective of VEKA is to provide a wide-
aperture dis1ted-snsor- ca6e ss Mwith increased reliability, vx~rsatility, and perform-
ance using a free-flooded, lightweight, torque-free, compliant cable with hydrophones
specifically designed for thle cable environment when they are made Ani integral part of thle
cable during fabrication.

This report presents in duttil the design considerations, tests, and evaluationq (-on-
d,,:cte-d to pro-.idVa hydzophiioe designi tor VEKA I-A. Several mnilestones £n the hydro-
phone development program aje described in detail. Many of tile developments were notI
used in the array hydrophones, even though they were deemed necessary at. certain phases

of the development prograin by the sponsors. They are reported here, however, because
they constitute a significani. part of the development effort, and can have anl imp~act on
future hydrophone designs.

Milestones of the hydro phone development program were: design of a low-noise pre-
amplifier system cal'able of driving 9200 m of cable in either a voltage Or Current mode
(two-wire system), applicst ion of hybrid microelectronic circuits to low-noise hydrophones,
design of a unique remote swlitching* circuit to provide calibration functions for a two-wire
preamplifier system, di'sigr' of 1'-clue calibration circuit which emp!oys an. optical isolator,
and development of a l~w-cost ex1w ridable hydrophone for future VEKA considerations.

Figure 1 shows the arrai% cable and senso. ,of the VEKA I-A in schematic form. Thirty-
two USRD type 1178A hydrop-hones spaccd at 10-rn intervals constitute the main acoustic
array. Three engineering sensor stations I one at the~ top of the array, one at thle center, and
onc at the bottom) provide pre-ssure and tv perature monitoring. Thle stationi housing., were
dusigned by USRD, and the pressure tfansducer's and thermnistors were provided by NORZDA.
At the lower end of the array are six experimental hydrophones for evaluation for future
arrays. Somec of the experimental hydroph~nes were design,-d by USRD and are described in
subseuquent sections of this report. All of the hydrophenes and the engineering stations a;,,

mounted coaxially within the Kevlar mnain-array cable, with ecwh being enclosed by a
Smoo0th bulge in the polyester overbraid. Figur.2s 2 and 3 show thle array deployed in vertical
weedsgedvlpd n r~ic ~ OD n otatr 2and hor~zontal configurations respectively. '.he Kevlar main-array cable aad umbilical

Manuscrip~t Sub1Mitted November 8, 1978.
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Fig. 2 - Vertical configurstioin of the array
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Fig. 3 - Horizontal configuration 3f the array

GUIDE SPECIFICATIONS FOR VEKA I IJYDROPHONES

t ~Guide specifications provided by the program sponsors were As follows. The environ-
mental requiremenlto were:

Pressuire capability: 0 to 68.9 MPa,

Temperature range: - 4 to +-40"C.

The acoustical-electrical requirements were:

Sensitivity: -186 113 re I V/jiPa open-circuit crystal sensitivity or better,

Frequeacy response: 0.5 dB from 2 Hiz to 2 kHz or higher,

Directivity: u-nnidirectionai within 0.5 dB3 over the frequency range,I

Acceleration response: canceling along the vertical Paxis,

Preamplifier: may have unity gain or greater, and the output miust be able. to drive
9200 m of No. 2A AWO wire,

4
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Equivalent noise pressure: 10 dB less than Kii-adson's sea-stato-zero over the frequ2ncy
range, with the low-fiequency range as bood a, ur bet-
ter than the plot shown in Fig. 4,

Dynamic range: 60 dB or greater,

Calibration circuit: calibration capability must exist by .njecting a signal intr the input
of the preamplifier on a septarate calibration ine, by sending the
signal on the power line, ot by an internally generated signal.

The mechanical requiremenis were:

Mass: 0-45 kg or less in water,

Maximum length: 10 cm,

Maximum diameter: 3.8 cm,

Preamplifier location: accessible for modifications as necessary,

Cables and connectors: 15 to 20 cm Iorg with single-pin mnale Mecca-type connectors.

TT--r-rrT1~ I VF T PI T7i7

-60
- ~SE.l Sr., Z(RO

Fig. 4 - Guide specification foreivlnnosprsu 1equivalent noise pres•sure
-40

520

FREQUENCY (kNH ,0
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The' array design rt-quiritd te ihydrophones ito lhe mount.ed coaxially ivit.hin the cahl'
without damaging the st-relgt h memibers of thie 'able or the electrical conductors. Thic de-
sign also rejquired that the hvdrojlhones not. be suljected to compir'ssiv- forces as a result, of
tension or betiding 11, the cable. l)uring, deploynintt of Oiw' array the liydrophone must be
able to pa;,;s over a 1.2-m-diant sheave with a te.nsioll as high as .I,150 N in the caube without
(iln.age' to the ]Lytirtpihote or the cablhe.

The order in which the items appear in this specification is not an indication of their
relative it•portance. Other requpireient.s that are not explicitly stated are important, such as

bng operatioma lifftLime and sufficient ruggedness to withstand field use under adverse cir-
tuLInsta•lne's. Low cost was also considered I requisit-, b~ecause many hiydroj hones are
needt'd for the atrray and for possi' le future VEKA arrays.

ACOUSTIC CONSII)EIRATIONS IN TIHE SENSOR l)ESIGN

II the design of a small deop-submergence noise-measuring hydropl,one for the infra-
sonic and low-audio frequency range, three hydrophone characteristics, sensitivity, depth
capability, and self-noise, are usually the key parameters. The exact. naturec of these
parameters are dte'temired by the material selected for the sensor and its confifmi rat"_on.. It is
gt'nerally utnderstood in the art that the s -nsi.ivity and et. e1 tall)bilit ies are cdetertittrn et•h by
the sensor material and it:s configuration. Not. so well understood is tha ilith self-noise of a
hydroplione is also largely determined by Oie sensor, pa-rticularly so when a modern low-
noise J FYP is used for the inputi stage of the preamplifier. 'lh;' sensor - ontributes to the
noise of the system Ily thei amount of impedance loading on the first stage of Lite preampli-
fier. Ideally tlhe sensor material and its configuration must have characteristics that give
good sensitivity, must be able to withstand high hydrostatic stress without significant
change in sensitivity, and IntisL.'"t hav sufficient capacitance to imltitance-load t.i'e ureanlnpli-
fier input stage to reduce the self-noise to a minimum.

Sensor Material

Lithi ujm Sulfate

Lithium sulfate would usuZally be an excellent choice for use as the sensor material in
this application because of its good sensitivity its a volume expander, its stability wikhi time,
its outstandint depth capability, and its predictable characteristics 13,4 1. But the volume of
material requied to provide adequate capacitance and the cost of the material itself prohibit

its use in this design. Appendix A contains calculations of whe sensitivity and calacitance of
lithium sulfate.

JI
(I
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Followirig lithium Sulfatc the nex, best sensor inaterial wNithl still))( etlaracteri~st ic., in]
IhIigh -pri'sson' ailplplitat io I s is l ead I IItzIIItobiuEtte. INIeatsurvim;1'I ts I I ail at I ( SRDit) ind icade thalt-I
lead nictalliobate will dcerea;seý ill senlsij vit% about. 1 .5 (IB It presstlres to (38.(.) NM~a J-

Thle omiký praict~ical clofinlirat on for it lIid-nictamioIbat sensor is ai dIs, a rechntiltilar
plate1, or it lengtii-jolatrizied ('hiflder 111 ulse of As low g1i 'icZoclIIct~i.C coiistanit.. RitdiahlV
p olarizedl cyiniders and( .sph3Cere art, g,,, *dtj)'lii,:t configurattions and thus are jii~iiract~ical
Colilfigurations for the material.

A dlisk 1.85 2111 thick oper-atinig in at hydrostaitic 01(1(1 wouldi iavc ',he reqtuirc(. minii-
11um11 senlsdtivity givenl ill the guide Specifications; however, it wouldh h'I loo thick and p rob-
ably could not, be adequately polarized. Two disks 0.93 cm thick wonuld have to bev bonded
togethi r in zeories for the requ~ired thickness. Eight crystals borided together init series-
parallel comlbinat ion would have at sctisit ivit% oIf -186 dl! re I Vpaand If Ilhey were 2.5a to
3 --mt in diamecter, the capacitanice would range from 2.10 to 3.10 p F, de1 ending (in the , xact.
d iarneter .A capacitance of 500 to 1;0G pF would 1e more (lesirallb for this appicmuation and
would lower th'e floise floor abou)Lt 6 (113 161 below the, noise of at 2.10-to-3-1O-p F sensor. The
total lengrth ot the assembled stacli %oUld he 7.4l cmi, which takes up) 74", of the allowiiole
length for the liydroplione and leaves oil'v 2.6 cm for the( oieam I itflfior :and. c.-ble von;'.l , -

ivns. Ln.st!y , Lheý kU~ k o Lilt. iead mnctailiubatc nmatc-iai~ would be( about 3 -iic or mi ore that.
of leal zirconlate, titanlate Crystal. Thus, because of low capait~i.aince, marginial Sensitivity,
sI l;ice2 limit-ation s, aui ( loSt, it. was 'lecicied that lead miet aniobate, was niot practical for this
(h .*gn. "'iy iiidix A gl "'; anl eXa le"11 Of senlsitivlity anld cap~aCitance calculations.

Lead Zirconate 'fitai, 0(1

Gonod senlsitivitv, low cost, and In gll dIielectric constanti ire the general characteristics
of at famlily o, pnezoelectric mait erwi1s of lead zirconate titinate compilositionl. 80fl1(' of thetSe
materials are, (lfiolil tby AHL STI ) 1376 (SH IPIS) 171 as Navy typle 1, 11, and Ill compositions.
There is itt Ic di fferecice it, the piezoelect~ric con3sta:nts oIf these materials; therefor- the
sensitiv~ tv for a kivc:) configurat~ic-i will bIe ab~out the same. T'he primiary consitteratioiis in
their utse arc p~ressure stability and( dielectric constants. The type 11 m1Atetjal has the hlighie,;t
'lielect ri z coestait. bu' is not suitable for high-pressure applications. The type I material has'
a nlo(Ieftely hligh d ielectric Constant and has bi~en uSt'd withi good results ill a spherical
Conlfiguration at hydrostatic pressuires to 68.9 MI;a 15,8) . IransilUcer and hydrecphoiie
designs t 'nd t~o favor tli,ý type I niateria.' at hydrostatic pressures greater tl~an 5) or 6 Nil'o
'I'he type Ill material is ii higliiirive, high-stress ceramic and has the lowest dielectric : )hlskilit
of the three. But its dielectric constant, even though low compiaredl to those of the type I
and 11 miaterial1s, i,: 4 times gi,-alcr than that. of load evt~aniobate and 100 timews greater tlia-
that of lithiiuvi sulfate.

7
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Configuration

To use the cha'acteristics of these materials to their fullest potential, a hollow sphere
or cylinder that is radially polarized is required for the sensor. A sphere with a diameter-to-
wall-thickness ratio of 8 using the type-I material would experience a reduction in sensitivity
of about 1.5 dB at pressures to 68.9 MPa 15). Appendix A gives an example of sensitivity
and capacitance calculations. A sphere 3.5 cm in diameter with a 4.4-mm wall has a theoret-
ical sensitivity of -196.2 dB re 1 V/pPa and a capacitance of 7530 pF. If the sphere were
quartered and the segments wired in series, the theoretical sensitivity would be -184.2 CdB
with a capacitance of 1883 pF. This would be a good sensor adequately meeting the guide
specifications ii, most areas except low cost. The cost of a sphere, actuaily hemispheres
bonded together, and the subsequent s-ctioning and reassembly would make the cost of the
sensor prohibitive. Recent purchases of radially polarized cylinders 3 cm in diameter with a
4.8-m-a wall thi kness and 1.27 cm 'ong cost $6.00 each. In contrast., hemispheres 2.54 cm
in diameter with a 3.1-mm wall th~ckness cost $96.00 a pair.

A radially polarized capped cyl3nder has adequaite sensitivity to meet or exceed the
guide specifications and is low in cost. Hlowever, its sensitivity is a function of depth.
Capped cylinders experience ez-sentially twG-dimensional stresses which can be far geeater
thain thlic hydrostatic pressure. The same mechanical transformation that yields the increased
sensitivity .o sound also multiplies the hydrostatic pressuit. Theos two"dirronsional stresses
affect the piezoelectric and dielectrki constan-s of the ceramic and can result in complete
depolarization of the material. Work has been done to determine the compressive stress
limit?. (one-dimensional) for the type I, i1, and III mani:ials (91. Unfortunately data on the
effect- of stress on the ceramic cylinders are completely inadequate. Aiso it is not well
understood how the i0,dvidual component-r of stress combine to represent the resulting
.iress which :eads to ctanges in sensitivity, dielectric constant, and/or depo:arization. But
emp-rinal data strongly suggest that ce'amics resist changes from a two-dimensional stress
more than from a one-diinensional stress.

When a ey!iudrieal sensor is used with the dimensional constraints and limitations

inpno-ed by the guide sf.ecifications, sensitivity stability at great depth ic sacrificed to in-
erv~se the ovcrall sensitivity and to provide sufficic it capacitance to insure a low self-noi;e.
In moK' instances the VEKA array wnuld be used at depths less than 5 to 6 km. Thus, in the
VEKA design, increased sensitivity and a lower noise floor are more important than stability
at great depths. Another arf antage of the cylindrical design is that the preamplifier can
be plact ' inside the sensor element, wiah the end caps forming a pressure housing for the
electronics. Witt, this advanta.ge the allowable external dimensions of the hydrophone can bc
virtualy filled with sensiro material and still retain adequate space for the electronics. Ob-
viK,u-y, when this design is used, Lhe preamplifier does not. need pressure-hardened com-

l;onoflt.
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H78A HYDROPH-ONE DESIGN

Description of the Hydrophone

The H-78A hydrophone is shown in a sectional view in Fig. 5. The scnisitive elements
are of type I material, have a 3.0-cm o~d., 2.05-cm i~d., and 1.27-cm length, and are I -nnded
together with Epon VI industrial epoxy and electrically wired in series. Adjacent cry stals
are polarizeu in opposite directions, which simplifies the wiring of the element. Figure 6 is a
view of the crystal assembly showing the electrcde connection'.. Bonded to one end of the
crystal assembly is an end cap of 98%-pu.-e alumninum oxide. Bonded to the other end of the
crystal assembly is an end ring which receives a cable-gland assembly and thus forms the
ot~her end cap.

(2j4 4-\ 15, (I6

47

3.8c -rr

--9.2 cm

Fig. 5 - USRD type H78A hydrophone: (1) butyl rubber boot with integral mount ring,
(2) coupling fluid, (3) alumninum oxide end cal), (.1~) preamplifier, (5) ceramic sensor (6) end
ring, (7) cable asaembly, and (8) banding

- +.

Fig. 6 -Ci-ysta] assembly and
electrode connections
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The caole-gland assembly recei-es the single-conductor cables with Mecca-type single-
pin connectors. The cables are soldered to two high-pressure h-rmetic seals. The seals are
enclosed in neoprene rubber, which is vulcanized and bonded to the cables and tihe c:ble
gland. The cable assembly is sealed in the end ring by an 0-ring and secured ,with flathead
screws. The em! ring and cable gland are made of type 316 stainless stcel.

Inside the sensor assembly is the preamplifier, which operates in a current mode. The
preamplifier is constructed on a 1.6-mm (1/16-in.) fiberglass circuit board using a custom-
de~igned hybrid microelectronic circuit and -)ther discrete components.

A sulfur-free electrical-grade butyl-nrbbe- boot with an intcral mount ring encloses
the sensor-and-cable-gland assembly. Bury! rubber is used for the boot to ensure stable
perfomrnance characteristics during prolonged continuous subme.gence. The mount ring is at
the longitudinal center of mass to minimize the acceleration response in the vertical plane.
Castor oil, thoroughly dried and degassed, serves as thc coupling medium between the sensi-
tive elements and the booh. Nylon banding seals the asscmnbly in the boot, which const:tutes
a double watertight seal between the water and tl.a prearmplficýr. All me! :d parts are isolaLed
from the water, which prevents electrical ground locps and deterio,ation in saltwater.

Sensor Thecry

T he sensitive element chosen fo: che l17-A hydrophone is a .ciially poiarized piezu,-
electric cylinder of type I materiz. Four cylinders are bonded together and electrically
wired in se:ies to provide the desired z, " *ivity. The sensor coafiguratiun operates in an
;rJds-capped mo'hI ','he e: y.ion for the sensitivity in terms of the ratio of voltage e to

pressure p has be•-.n derived by Langevin [10] :-1 is

[ 1( 2 +p)1
_ b [g, + g3j -l- (1)P 1,_4 p) G ' ~

where g 3 3 and g3 1 are the piezoelectric constants of the ceramic material, b is the outer
radius of the cylinder, and c iV the ratio t,!b, wherc a is the inner radius of the cylinder.

The capacit .,ce is [101

2,,rK T f09
3~K3 0 ~ (2)

In (b/a)

where b an,' -i af-• as defined above. Q is the length of the cylinder, KT7 is the relative dielec-33
tric constant, and c 0 is the permitu'ity of free space.

The dinvmsions of the ceramic element a'e inner radius a = 1.03 cm, outer radius
b = 11508 cm, and lenb t 'L 2 = 1.27 cm. Nominal values for the electromechanical voltage
constants are g33 = 24.5 X 10- V'm/N and g31 = -10.7 X 10-3 V-m/N and the value of
the relative dielectric constant 'K 3 is 130,.

10
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Substituting in equation 1 the appropriate values for the ceramic material and p 1
.uNjn12 = 1 pPa gives elp = 1.876 X 10-10 V/iPa. Expressed in dB, M = -194.5 dB re 1
Vi'pPa, w"here M is the free-field voltage sensitivity of a single capped element when its
dimensions are small ir .ornparison with the wavelength.

For four crystals elcctrically wired in series the increase in sensitivity is 20 log 4 or 12
dB, which gives - 182.5 dB re 1 V/iPa as the th.eoretical free-field voltage sensitivity for the
H78A scnsur. Some reduction in sensitivity can be expected due to fringe capacitanice
between the e&ement electrodes: about 0.5 dB. Some loss ma:y also result fro a the clampnaig
effect of the end caps, because they are bonded to thc. elements by a rigid epoxy [11].
Expected losses should not exceed 1 dLf

Substituting the appropriate values in equation 2 givps a theoretical capacitance of
2408 pF. For the four elements in series the theoretical capacitance is C = 602 pF. (Varia-
tions in tne actual values wc.'e balanced off in selecting elements for each series, so that the
various series would have little variation between them, as des-oioed in Appendix B.)

H78A CURRENT-MODE PREAMPLIFIER

The preamplifier used iin the 1178A hydrophone is shown schematically in Fig. 7. This
design can drive a No. 24 AWG twisted-pair cable up to 9200 m long ov-ýr a irequency range
of 10 l1z to 10 kliz. The lower cutoff frequency is determined by the capacitance of Y1
(nominally 635 pF) and the input impedance of Al (25 NMl). The high-frequency limit is
determined by the capacitance between cable conductors.

The preamplifier inpu comes directly from the hydrophone crystal Y1. Diodes CR3
and CR4 pro ect th' preamplifier from input transients and pcevent a builduj of dc charge
on the crystal.

Hybrid circuit Al . a low-noise preamplifier specifical)y designed during the hydro-
phoe dev, opment tnrogram for VEKA application. It has a voltage gain of 20 dB and
operates from +12 ' dc established by zener diode CF 2. Figure 8 is a schematic diagram
of Al NRL report 6218 [12] presents both a dc and low-frequericy ac analysis of this type
o. am.'.ifier configuration, so this will not be repeated here.

The preamplifier output uses a twisted paix of No. 24 AWG wires in the VEKA cable.
It terminates at the SARA receiver (described in a -ter section of this report) where point A
(Fig. 7) is connecteu, .. +36 V dc and poi, is connected to a 40, q load re.;istor. Both
the dc supl. ly current to the preamplifier and the ac signal current from it share thr single
wire pair. Current fi-ws info the preamp"^ ier at point A and out it point B.

11 _.
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VEKA

H 78A CABLE SARA
CRI A I A

> I o,6VdC

VA

I I

I I/ F

C 3 2

2 Ar- 

-LI 
1R.

A IA I
III SII ~ CR3

Cfl

W__ C. RIR

(R2 i/V553'2

Fig. 7 -- Schematic of the tl78A preamplifier showing thR interlace to SARA (one channel)

I ' u r r e t -r g u l a o r i o d e C R 1 s u o p i e s a c o n s t a n t 2 .2 m A t o C R 2 a n d A l . A s e c o n d•. curent regulator, made up of Q1 and RI, converts Al's output voltage into output current
, .I This current has a 1.8-mA dc compone~t° and a~n ac component equal to eo/R1, x~hereI~is the audio outout voltage of Al. The ac voltage devdoped across the 40.2-&2 load resis-

tor R2 is therefore

?,[: If eiis the input voltage at pin 2 of Al and G is the voltage gair' of Al, then

eL=Gel RI" (4)

lerncc the ovwrall gain of the preamplifier is

e - -2RG. (5)

The dc-current values just mentioned are nominal, :,rid they devwlop a dc voltag:e across
•he 4O.2-Sl load. This de component is blocked by coupling capacitor C4i at the input of tiheSARA receiver.

12 '1
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I.I
3

"Q2 i

2IR4 R5

r Rf£ ro 99
• LOW-PRO•VFL CAN

TroT 099 C5I

RI *51COKo

R2 13xKf
R3 R7 f9 1 KO
R4 25 -106•1I
R5S 15 l
P6 I 5K1(
01 2N325IA CHIP
02 2N4867A CHIP

Fig. 8 - Integrated circu"t Al used in the H78A
hydrophone preamplifier

Noise tests and transient response characteristics of this circuit are given In a later see-
tion of this report. Other typical performance is given in Table 1.

Table 1 -- Typical Performance of the H73A Preamplifier

Input impedance 25 Mn2 ±5%
Input voltage (for line-ar operation) 0.2 V rms max
Bandwidth (for zero cable length) 100 kliz
Lower cutoff frequency (-3 dlP) Hz
Gain (for a load of 40.2 &2) -14.5 ,
Dynamic range 1'00 dB

Supply voltage +2) to -; 38 V dc
Supply current 2.j to 5.7 mA dc

13
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PRE AMPLIFiER OVERLO ND AND RECOVERY MEASUREMENTS

In th- design of the 1178 premniplifier, CR3 and CP4 were added to protect the pre-
amplifier from input transients or overloads that could damage the input FET. With the
preamplifier es shown ir Fig. 7 and a 635-pF capacitor substituted for the sensor element,
the following; overload test was conducteKi.

Through a gating system a 12-V dc overlkad pulse coincident with a 100-mv sine wave
was applied to the input of the preamplifier. This scenario corresponds to a pulse SPL
(sound pressure level) of about 205 dB re 1 yPa followed by a steady-state signal of 164 dB.
Under this condition the preamplifier was overloaded more than 46,000 times over a 5-hour
interval to establish iong-te-m reliability.

The preamplifier output and recovery time is shown in Fig. 9: a Biomation modei 610
transient recorder was used to capture aad record the preamplifier output. The recovery
time measured is nomiinally 60 ps.

S- .- t - 50 jis/div

STEADY STATE f 1OkHz

- RECu\FIRY TIME

L -- - END .F OVERLOAD PULSE

STEAGS' STATE f-- IVH?

RiCCOVERY TIME

END OF OVERLOAD PULSE
1 7--1, 1" : 250 ýLs/divL FIg. , I I I

Fig. 9 - Preamplifier recovery time

The 2N929 pn junctions u.sed for CR3 and CR4 start to conduct at about 425 mV; two
will provide adequate prerampEfier protection for SPLs up to 218 dB (50 V). If higher levels
are expected, junctions can be added in series.

14
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VEKA I-A CONE ADAPTERS

The 1178A, H78C, and 1178E hydrophones, require an adapter to fair the hydrophones
into the VEKA cable. The purpose of the adapter is to provide a smooth low-profile bulge in
the cable that secures and protects the hydrophones, allowing reasonable flexibility and
bending of the cable without damaging the cable strength members. The cone adapters are
similar to those used for the ITC model 8021 hydrophones in the Moored Acoustic Buoy
System (MABS) [I ]. However, the VEKA adapters are noticeably spmaller (60% by volume),
and a sensor cage is not required for the hydrophones. Figure 10 shows the MABS-type cone
adapter and the new VEKA cone adapter. The MABS cone has a nominal mass of 1.86 kg,
and the VEKA adapter has a nominal mass of about 0.76 kg.

p .

Fig. 10- MABS cone adapter (bottom) and a VEKA L-A cone
adapter (next to tVe centimeter scale)

Figure 11 is a drawing showing an H78A hydrophone within a set of cone adapters.
Each cone has a type 316 stainless-steel ring with a periphery that accepts the mount ring on
the bout of the hydrophone. A butyl rubber k USRD compound 70821) vulcanized and
bonded to the rings forms a fairing for the hydrophone. Pour stainless-steel 1/4-20 cal'
screws, two in each cone 1800 apart, hold the assembly tugether.

Figure 12 shows a cone adapter arid hydrophone installed in a section of VEKA proto-
type cable. In fabrication of the array cable tlhe adapters were installed in the cable, wired,
and then overbraided with a polyester braid.

15
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Fig. 11 - H78A hydrophone in a cone adapter set. (1) H'1A hydtophone, (2) butyl rubber

cone, (3) stainless-steel rings, and (4) cap screw.

. /,

Fig. 12 - Hydrophone and cone erembly installed in the VEKA I-A
prototype cable

1178B EXPERIMENTAL HYDROPHONE

From the standpoint of the sensor element and receiving sensitivity, the H78B is the

same as the H78A. A sectional view c.f the B model is shown in Fig. 13. The overall design

follows the concept of an integrated cone-adapter-and-sensor assembly. The capped-cylinder

sensor is enclosed in an expanded metal frame that is acoustically transparent and imparts

exceptional ruggedness to the hydrophone. The sensor element is positioned within the

frame at its longitudinal center of mass in an elastomer niount ring. The preamplifier is

enclosed in an accessible pressure housing. A major difftrence with the 13 model is the cali-

bration circuit. A calibration capability by iniecting a signal into the input of the preampli-

fier on a separate calibration line or by an internally generated signal was in the original

guide specifications. This hydrophone has the calibration capability in a unique circuit.

which is described in Appendix C. (An alternate calibration circuit is described in Appendix

D.) The calibration-circuit provision was eventually dropped by the program sponsors in lieu

of a simplified hydrophone.

"16
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1 2©034 5Q0 j /)

Fig. 13 - Sectional view of USRD type H78B hydrophone: (1) integral butyl boot and
cone adapter, (2) castor-oil coupling fluid, (3) frame end ring, (4) banding, (5) expanded
metel frame, (6) elastomer sensor mount, (7) ceramic sensor, (8) aluminum oxide end
cap, (9) preamplifier housing, (10) preamplifier, (11 ) cab!e gland with butyl cone, and
(12) potting compound

SHIPBGARD ACOUSTIC RECEIVER AMPLIFIER (SARA)

The SARA electronics consist of

* 32 receiver amplifiers for the 32 hydrophones of the VEKA I array,

* four receiver amplifiers for experimental hydrophones, and

* a calibration signal generator.

Figure 14 shows the front panel of the SARA unit, Fig. 15 shows the back panel, and Fig.
16 shows the unit with the top cover removed. All of the 36 receiver amplifiers are identical.

Theie are four amplit iers per mninted-circuit (pc) card in the chassis.

Inputs to the 32 channels of VEKA I are made through the VEKA-I input connecto
on the front panel (lower right in Fig. 14). These inputs normally come from the array but
may come from a test osciliator. A spe,;ial SARA calibration cable has been provided for
this purpose. The 32 receiver outpats are terminated at the OUTPUT TO APS front-panel

connector (lower left in Fig. 14) and two PARALLEL OUt PUT connectors on the back
panel (lower left in Fi.. 15).

The four channels for experimental hydrophones are on a single card and are labeled
A through D. Inputs to these four channels are made either through the AUX front-panel
connector (lower right center in Fig. 14) oa through the four BNC connectors in the column
at the upper right center on the front panel. (The inner pin of each BNC connector goes to a
40.2-42 input resistor, and the oute" shell of the connect-r is grounded.) The outputs of
these four channels are terminated in the BNC connectors in the column at the far right on
the front panel.

!7
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Fig~. Fi - rlLt lhnci of SARIA

Fig. 15 Back panvl of SARA

18
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W

F~ i. 16 -Tvp view of the SARA Chassis

Because each SAR,1 receiver card conitai!-s four mdl~ependen', and identical audlio amupli.fiers, only one channel Will bO described here. A schematie diagram of onc receiver channielis shown~ in Fig. 17. 1Input txrininals \ andI B connec, to points A and 11 respectively on thellydropholie preamiplifier ( Fig. 7) vi-- a No. 24 AM-1, shielded twvisted-pair cable. h le cable

'FerinalA funishs curentto te iv zndrop one thecardifor fomptioa l36-V driver-ply. Tht? currnty-anbf is prur ed entlyug termnaltti't and resistor by 2 a 1) vump. dhroupt across

Thr A)ioutplud bf A7t isc farte oumputie 6 optet point amp2Ter AuThic estagse of unthej ~entire circuit is essentially flat from 10 IN' to 10 kliz.
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CR

7----• -> >-< + 36 Vdc

)--- <•-- GND

',I ~~~I .,• ,c .c
>

3 Is

> 7
- -

: 
&• -

A3 
.

•~P C7 • "
T Tp __--- V>

-- R4

I R4 1J.EJ?ýý ! ÷____ ______ __RI

. CR, Il4r2&Žv
rlj 1001K12 C6

_R2 4•I 22

Fig. 17.- One channel of SALA

i llhybrid circuit A1 (Fig. 18) is a low-noise amlplifier specifically designed during the

, developmeni. irogram for VEI(A application. The configuration of this device is the same
I ~as the hybrid circuit used in the 1t78A hydrophone !preamplifier (Fig. 8), although the
S~component values are different. Again, reference 12 provides compli te design criteria for
S~ the circuit.

Table 2 giver the performance of a SARA receiver amplifier.

It
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0? \2 R3
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R5' 51K .0
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Fig. 8 -- Integrated circuit Al for SARA

Table 2 --Typical Performam-e of a SARA Receiver Amp)lificer--Sifijiy--~e "-t(pr chIan n el)

i•tRout line driver: 4.3 mA (it
With line driver: 10.3 mA dc

Input impedance 40.2 2

Input voltage (for linear operation) 2 niV rms max (-54 dllV)

Bandwidth (flat) 10 Ilz to 10 kidz

Gain 67.2 ± 0.5 dB

C atput unpodance
Without line driver. 150 S. in series xit.h 47 4F
With line driver: 6 S2 in series wth 47 pF

Dynamic Range (with J178A hydrophone preamplifier) 84 dB

De Supply voltage +36 ± 5% V dc
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The calibration signal gcnerator is on a single card. Its input comes from an external
test oscillator and is made at the CA.L IN"UT BNC connector at the center on the frcnt
panel. Its output is brought to the AUX front.panel connector at the lower right center and
is 'nabled by turning on the CAL ON toggle switch at the lower right on the front-pariel. A
schematic diagrarmt of the calibration signal generator is shown i., Fig. 19. This circuit pro-
vides a controlled calibration current 10 to the experimental H73B hydvophone preampli-
fier. It was originally intended to drive 32 such units in series, as ind cate.d in Fig. 19.

C,1 Vs -- I 4
+ 36Vdc >- --.

CAL INP'i tII-IT '

'- i
(5VA S MAX)• 01 C

10 CAý7
GROUND>- -- I _)___

CRz
-45V d >~--

2

~ SwiTCH

P3 IN/5 K - CONNECT:ONS 1S L

TR2 R 96/K TO P1 7R CAL [ A

C JI o r. _L5 v CI RCUITSLOC:J
1 22 gF. 35v -

.// fp/ - CA L3,2

-71 01 [_ LO -CAL 3

Vi-'i.19 Calibra'i.m)n signal gefer/tor for SARA

Components Q1, R3, arid R1 snake up a current regulator. 'Xhe call actor current of 01
is the calibration current 10delivered to the preamplifier. Operational amplifies Al coW~rois
Qi's emitter voltage VE.
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As indicated by Fig. 19,

V R2 V
+ R +R1 +R2 2

and
VsZ? - e 0.5V -

0 R3 +R4 7ý+R4

It is seen from the preceding equation thau I0 has both an ac and a dc componient. REsistor
R4 is variable, allowing .o to be trimmed. Appendix C of Lhis report explains the circiitry
which uses current i."

Table 3 gives some typical performance para-mevers for the calibration signal generator.

Table 3 - Typical Performance of the
SARA Calibration Signal Generator

Input impedance 9.8 k92

Input voltage 5 V -ms max

Bandwidth (flat) 10 Hz :to 10 kllz

Gain ýac) 36 pA/V

Supply voltage 36 ± 6% V dc

Supply current 5.1 mA ac

1 DEVELOPMENT L ACOUSTIC MEASUREMENTS

During the development of the 1178 hydrophones several calibration measurements

were made en experimental prototypes to determine the effect of the cone adapters and the
VEKA-I cahbl- on the acoustic response. Measurements were also made to assure the effec-
tive frequency range and directivity of the design. The measurements presented were made
in the USRD Lake F'acility.

Figure 20 show- the typical free-field voltage sensitivity (FFVS) of an 1178A. This
curve is for the hydraphone (no cone adapters) with a ' 2-m two-conductor shielded test
cable. The upp-,' limit of the usable frequency range for the hydrophone is about 12 kflz.

23
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-' 1 00

0' 0 '0 20

Frequency (kHz)

Fig. 20 -Typical fG 'c-field voltage sensitivity of an
H78A hydrophone withf ut core ada-) " .s

Several measurements were made with an :178A in a set of cone adapters and ,vith a
12-in two.conductor shielded test cable. Figure 21 +ows thr FFVS. Figure 22 shows the
dirr<tivity in the xz (vertical) p1 'e at 4, 8, 10, and 12 kHz. The directivity it, the xy
(horivontal) Plane s crnnid.. cctiona vthi a ±"" updLo•*•~aa u..> L reque~nciec pt 5 kHz.

- T *- - r---r- T T r 1--- - r T -' r-- - • •-r- "--v r 1V

-190

- 200ý

) L -10

Frequency (kHz)

Fig. 21 - Free field voltage sensitivity of an H78A hydrophonr mocntnd
in a Eel of VEKA I-A -or.ý adapters
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Fig. 22 -- Typical directivity in the xz plane of an H78A hydrophorie
mounted in a set of VEKA IA cone adap.r&
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The typical FFVS of an H78B with a 11-m test cable is shiown in Fig. 23. Since the
cone adapters are an integrai part of the B design, this one curve characterized the response
of the hydrophorie. Figure 24 shows the typical directivity in the xz plane at 5, 8, 10, and
12 kHz. The directivity in the xy plane is omnidirectional within ±1 dB at frequencies to 14
kl-Iz. In general the broadband response of the B model is greater than that of the A model,
but this is not a requirement for the array.

II
I-1-90j

N
i.200

10 2

Fig. 23 -Free-field voltage sensitivity
of an H78B hydrophone
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(a) At 5 kHz (b) At 8 kHz
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(c) t 10k~z(d) At 12 kHz

Fig. 24 - Typical directivity in the xz plane of an 1178B hydrophone
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Figure 25 shows the FFVS of an HI8A and an H78B in the VZKA I prototype test
cable. The curves show that the VEKA cable itself is the limiiing coastraint on the response
of the array at frequencies above 1 kliz.

i(-

- 200

Fig. 25 -Typical free-ficid va!tage sensitivity of
- -top) an H78A hydrophone in th. VEKA i.A proto-
-194 type zable and kbottomn) an H78B hyr4 rophoze in

1_ the VEKA I-A prototype cable

>L:: 00
01 0 15 20

Freque'lcy (kH- z)

HI78A PREAMPLIFIEfR SELF-NOISE

Since the FFVS of the 1118A -s much liwer than that of e conventional noisc-
mneasturivg hydrophone, the self-noise of the preamp'ixier system can be confusing. This carn
be clarified by consideting the preaxnplifier circuit as shown in Fig. 26, which is a duplicate
of Fig. 7 except that three poi its in the circuit have been djesignated /or consideration.

At point 1 the preamplifier is in a voltage mode, and a high signal-to-noise ratio exists.
With the assumption of a riomi.al open-circuit cryste sensitivity of -183 dB re 1 V/PPa,
and with a gain of 2.) dB in Al, the hydrophone senisitivity -s -163 dB re 1 V/pPa at point
1. By use of the noise voltage measured at point. 1 and the hyorophone sensitivity, the equiv-
alent n.-ise press'ire is computed. Figure 27 shows, relat;je to the guide specification of Fig.
4, the typical equivalent noise pressure of an H78A hy-drophone at point 1.

28
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Fig.26 chc~jeof he -i78A Prearnplifir Show~ngthe inttefface to SARA (one channel)
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The noise voltage na:esent at point 2 is the same as at point 1. The preamplifier gain is
within 0.1 dB of that measured at point 1. The circuit is still in a voltage mode, and no noise
has been added by Q1. Therefore the equivalent noise pressure for point 2 is the same as
that indicated for point 1.

Point 3 in the circuit is electrically the same as the input of the SARA unit, which is
40.2 P. above ground. When the signal passes through RI, it is changed from a voltage to a
current. In reference to point 1 or 2 the signal level is decreased by -34 dB, or in reference
to the input of the preamplifier the sensitivity of the hydrophone is decreased by -14 dB.
Thus at point 3, or the input to SARA, the hydroohone sensitivity is nominally -197 dB re
1 VipPa. By use of the noise voltage measured at this point and the sensitivty, the equiva-
lent noise pressure is computed. Figure 28 shows the equivalent noise pressure and shows
that the noise starts to increase dt about 100 1z in the current mode and is 10 dB higher than
the voltage mode at 1 kHz. The increase in noise is caused by the Johnson-Nyquist noise and
the excess noise of R1. The excess noise, sometimes called current noise, exists in addition
to the thermal noise of the resister. The thermal noise dommiatcs at high frequencies, and
the excess noise, which has a 11t power spectrum, dominates at low frequencies 1131. Fig-
ure 29 shows the individual noise mechanisms in terms of noise voltage and total noise at
point 3 in the preamiplifier system.

1 1 -7 T F -I I I• I-T - I I I I I I I Ir I I I I _- I

r 10
i WOE-SPE•Ci CATIO,.

WISE M(S!UAE LEVEL

60

X

-- 0 --I-20

001 0'1 .0 100
FREQUENCY (kHz)

Fig. 28 - Equivalent noise pressure computed from the noise
voltage measured at point 3 in Fig. 26
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Fig. 29 - Individual noise voltages present at point 3

Operating a preamplifier in a current mode or voltage mode is a compromise between
increased self-noise and crosstalk (as will be discussed further in a section on the H78
voltage-mode preamplifier). If the value of R1 is doubled, the thermal noise would increase
3 dB, which would not be desirable. If the value of RI were decreased to half its present.
value, then the thermal noise limit would be 3 dB lower. However, the de current required
for Q1 would be twice its present value, causing a significant increase in the power required
for the array. The value of RI was chosen to provide a usable noise floor and to keep the
power demand of the array at a minimal level.

DYNAMIC TEST OF PROTOTYPE CABLE AND PROTOTYPE HYDROPHONES

What effect will dynamic loading of the cable have on the hydrophones? Will a hydro-
phone which slips into the cable (H78B) be more susceptible to cable dynamics than one
which uses a cone adapter (H78A) or a sensor cage? These questions were a concern in deter-
mining the best hydrophone design for VEKA I. The following infurmation is presented as a
basis for choosing the H78A as the most suitable for VEKA.

31
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Figure 30 shows the physical arrangement for the dynamic cable test conducted using
n, VEKA prototype cable (Appendix E describes the prototype, cabie) and the H78A and
H78B hydrophones. Both hydrophones were rigged within the cable for the test. The driving
force was applied to the cable, under tension, by a 1500-W dc moctor through a geer reducer
with an eccentric crank. The forcinig function was approximately sinusoidr2 at a frequency
of 1.4 Hz. A triaxial accelerometer was secured to each hydrophone to determine the
acceleration at each hydrophone location. Figure 31 shows one of the hydrophoncs installed
in the test cable. Figure 32 is a close-up of the 1178B with the triaxial accelerometer. Figure
34 shows the orientation of the accelerometer and hydrophones with respect to tile cable.
The accelerometer was attached at the acoustic center of the hydrophones.

HOIST

T 22Z4 NEWTONS (500 LB)SCAL•S T 444$q NE•WTONS ('000 LA)

SCALES DRIVING ARM CONNECTS

TRIAXIAL ON A ,5OO-WATT3r ACCF1 EROMTER DC MOTOR SHACKLE

Oý I 

TO8 A78 ECE T I CR N

FiI3 -Pyia ragmn fteVK rttp al

H 7

Fig. 31 -- Hydrophione installed in the prototype

cable for the dynamic test

--- .
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Fig. 32 - H78B hydrophone with a triaxial accelerometer

Z

x
CABLE -W

DRIVE

ACCELEROMETER ORIENTATION
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z
CABLE

Yz
DR:VE

HYDROPHONE (O0Rr XTE S'STEM
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H7HO

I.ESS CONES

Fig. 33 - Orientation of the hydrophone and the accelerometer
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With thn - able tensioned to 2224 N and 4448 N respectively, the expecteI range of
cable loading for the array, and with the (Ic motor anving the cable, the c'-'tluts of the
hydrophones and the threc axes of the acceleronmeter were analyzed from dc to 20 liz asing
a real-time sp2ctrur,. analyzer and averager. - '_,-en !, .ct.ra were ai :r 7"d for "ach oIltl)Ut.
In the data analysis the hyrlopi:one preampli ',r's low-frequency characteristics and tihe
characteristics of the ,jeail)lifi(,r used for the accelerometer . acco, .nd f Tr. The tri-
axial acceleration present at c- ' -. opi "ne waýs determined 1y the calibration sensitivity
of the accelerometer and by the square root. of the sum of the squares of the out-put of each
accelerometer axis. Table 4 shouis the a,-celer- ion data and the test conditions for each
hydrophone.

Table 4 - Test Conditions and Acceleration Data f( the Dynamic Test
of 0., .>rototype Cable ,and I lydrophones

1 Cable Accelerometef i lydrophone
I Ilydro- Driving Displace- Ovl0uts 10 log pHyro- Tiriaxial

phone F, " Ient at (dB re 1 g) (X 2 +y 2  phone Acceleration, , iquency the Hlydro- -- +Z2 ) Output
ph m) oned V1 SnI iity

Cable To-enion = 222" N

1178 A 1.47 - 7.4 -1.F-. 1.0 2.3 -25. -27.3
117,B 1.4 . 3.2 -_9.5 3.2 6.8 8.4 3.2 - 5.2

[ ____Cable Tension = 4448 N
1178X 1.4 7.4 1-1 0 .17-10.5. 0.8 -95 20.3
1178B 1.4 3.2 -9.6 4. .. 5.0 7.8 1.0 - 6.8

Under conditions of cable loading the 1178A hydrophone is about 15 to 20 dB less
susceptible than the 1178B to cable dynamics. The acceleration sensitivity of the 1178B
should be about equal to or less than that. of the 1178A. The higher output of the B model is
not due to acceleration only but results from cable compressional forces acting directly on
the hydrophone, which are subsequently coupled to the sensor element. In the A model the
metal rings in the cone adapters isolate the hydrophone from the cable. Therefore, the out-
put of the A model is due to acceleration, and the output of the B model is due to accelera-
tion and pressure.

This is not surprising, as it. was generally concluded at the inception of the B model
that it would be more subject to cable dynamics. (Also at the inception of the B model, the
effects on the cable of possible opens or shorts were analyzed, and these effects are tabu-
lated in Appendix F.) The rationale and concept of the B model are desirable from the
standpoint of installation arid handling in the VEKA system. However, the dynamic prob-
lems associated with it - ill probably be true of any design in which the hydrophone is not
mechanically decoupled or isolated from the cable by a rigid-hoop structure or cage.
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111611-STIESS EFFECTS ON RADIALLY POLARIZED CAPPED
CELAMIC CYLINDERS

For future VEKA considerations ant designt criterion, several experimental hydro-
phones were constructed for instailation ill VEKA I. The 1178B, whiich has been described, is
one of the experimental hydroplhines; the others were aesignated 117KJ, 11781), and 1178E.
Aui of the hydrophoncs have a sensitive element in a radially polarized capped -cylinder con-
figuration. The major difference in each design is in the type of inaterial used Cor the sensor
and the diameter-to-wall-thickness fd/t) ratio. Since the major differences are in the sensor,
),ne mechanical details of thest hydrcphones will not be UIScusscd here.

Various material types and d/t ratios were used to detent.ine the effectb of high stress
on the ceramic configuration. As previously stated, there can bc considerable variation in
the behavior of piezoelectric materials in high stress Lpomlication,:;. Two-dimensioral empirical
data suggest and data from single-dimonsion stzess measurements, 9] trongly suggest that
type III material is more mes'stant th~n type I to high sl -e3s. This scenatio represents tl.-
general characteristics of the iaaterials but not the c'araActristics of a specific material from
a specific manufacturer. A type 1 matial from one ii anufac-turer can be more stress resis-
tant tnan a type Ill material froir another manufacturer.

,wQ--thn1l tsjoo••111.laa uu~e I I II il c va SA i.'rophone and the experimen-
tal hydrophon,, l178B, F178C, i1)8D, and 1178E are given in Table 5. A,0 is the change ini
acoustic sensitivitv in the flat portion if the rt..;onse, and AK 3 is the percent change in the
relative dielectric coa •ant. The table shows that slight changes occur at pressures tc 34.5
MPa, but at 69 MPa the sensitivity ha- decreased about 3 dS in --very case and the dielectric
constant has d.ecreased .%,c 571 in tv o of tie sens)rs. The decrea.e ill the dielectric constant
represents an in,:rea.,e in the iow-frequency cutoff in excess of I octave. The hydrophone
now has a "new" stress-induced I w-freqoencY cutoff. Al), 1178C with a type I ceramic
Aiows o change in dielectric coalstant at 69 Mrla even though the d/t ratio is greater than
that of the other type I sensors and one of the type III sensors.

Tathl 5 cle-irly illus.rates that two-dimensional stresses affect the. piezoelectric and
dielectrie constants of the ceramic. Uifo.,unately Jata on eIh, efficl.s of st-ess on a ceramic
cylinder are incomp!ete, especially in tcrms of an optimum presrure -stable design. At pree-
,ent, transduc-r designers rely heavily on past experiences and a cut-and-try approach. This
points to a primary problem in high-pio-ure transducer desig.,. I. also poinls out the need
to i,'ves~igate and quantify chnges in sensitivity and dielectic constants to be expe ted as a
result of stresses in capped cerami; cylirders of a sl)eifi,- tyre and manufacturer.
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Table 13 - Two -D imensional-Stress flata on Ceramic Sensors of Various
D iam ete r-to -Wall-"'ihickness (dlt) R~atios and From Various Manufacturers

-- -~ Pressure JPressure
MIX ST1D 1276 Used on 34.5 N4Pa =691MPa

ýSHIIrS) Manu- d/t. VEKA Co Change inI
Materi-l facturer H-ydro- 1Cange Diinti f L K3

Designetion Iphone ISensitivity Constant (dB) (7,)

Type I 1hanel 6.3 H7LA-1. -10.6 i-3.0 -38
Industries and

________ Inc. H78 _ ____ ____-_

Type III Marine 6.3 H7E -0.81 0 --2.5 -35-
ResourclEs t
inc.

___'ype I -- Vc.-nit~on I9.7 H78C -100 i-3.2 0,
Type- 11 - {1.0 --

Tye II Marine 9. H78D -10-27 I-3.i f517
Resour-es 

9

*iAM rprerents the ch.~nge in sens.tivity in dB referr d to the sensitivit- at 0.7 MlPa.
tK)is the Per'-ent change in the dielectric const,-t ef the materiai refe'rred to the dielIectric constant at

0.7 MPa.

CALUIRAT1ON OY- VEIKA l.Ai H I DROPHONES

Four H78A hyd~cphoaes. I-epresentativa of the manufactured lot of 36, were selecýtedl
for calibration in the 1JcRD Low-Freqz~ecrIy System K [111j: those with qtliial numb~ers 12,
21, 34, and 45. They were calibrated by the compaxison mcthod using a USRD type 1148
standard reference hydrophu.ne [8]. The frequencies for the calibratior, raniged .:rom I tu
1000 Hz, the temperatures vere 3 and 23 0C, E Ad the pressures were: i.5, 6895, and 3.5 On~ at
each teinperatuTe over the frequency rao'ge. '1 ie voltage at t'~e output of arn fj79!: rý,-eive
ernmplifier (one SARA channel) -as measured open-circuit, .ýnd thý. sensitivty was iefprred to
Lne input of the rece-ivc ampli':er, where ',h( hyirophone is termhiate'I in a 40,2-P. r-s'...or in
series with the low side of the output cAo grcound. This mvake.; the st..It`.ý'ty of tht-'A:ydio-
ph. ne nde,. endent of the receive amplifier and dependent on the tei-minati-in iesist-pc2.
The r,ýceive-ý,nplifier characteristics were? deten,!'ned by the inseltion mc-Jod ndur t(,
hydrophone calibrations. Table f shows the ci.libzatioi uatp
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Table 6 -- Res-,lts of Calibrating USRD Type H78A Hydrcphones
in Syst.em K (voltage across a 40.242 resistor in series

with the low lead to ground: unbalanced)

Fr-e-Field Voltage Sensitivity (-dB re 1 VjjjPa)

J. Serial No. 12 j.Serial No -21 Serial No. 34 Se~rial No. 45
Fre 3.45 6895 3.45 6895 34516895 3.45

Hz kPa kPa kPa -1 kPa k Pa k kPa kjVa a

Temperature __3_C

-1 220.5 220.7 221.0 221.0 220.5 220.4 220.7 220.6
2 212.9 213.1 213.4 I 213.2 212.9 213.1| 213.1 213.3
3 200,.0 209.2 209.6 209.4 209.2 209.3 209.2 209.4
4 206.5 206.3 267.2 207.0 206.6 206.9 2C6.9 207.0
5 205.0 205.3 205.5 205.3 2 05.0 205.3 205.2 205.3

8 201.7 201.9 202.3 202.3 201.9 202.2 201.9 202.2!'
10 200.8 200.7 201.2 200.9 200.8 201.0 200.9 200.9!
20 j 198.5 198.4 193.8 198.8 198.7 1. - 9 . .. .09,,. 7 198.7 1
39 n 97.8 197.7 198.2 198.2 198.1 198.2 198.1 198.2!
50 197.4 197.4 197.8 197.8 197.6 197.8 197.7 197.7;
80 191.2 197.2 197.6 19'.7 197.5 197.6 197.6 197.51

100 197.2 197.1 197.6 1V7.6 197.6 197.6 197.6 197.5';
200 197.1 197.1 197.5 197.5 197.5 -.97.5 197.6 197.6,
500 197.1 196.9 197.5 197,5 197.6 197.5 197.5 197.51
800 197.2 h;7.6 1976 197.7 197.5 197.9 197.4 197.9f

100) 197.7 197.C- 197.9 197.8 197.8 198.0 197.5 198.1!Temperature 22C

220.5 2 2 0.4  220.7 220.9 220.8 220.8 220.5 220.5
2 212.9 212.6 213. 213.1 21.3.3 213.F 212.9 212.9

209.2 208.8 209.6 209.1 209.5 209.5 209.1 209.2
4 206.8 206.7 207.3 206 6 207.2 207.0 206.8 206.8
5 205.2 204.a 205.6 204.9 205.5 205.2 205.2 205.3

8 202.) 2U2.0 202.6 201.3 202.4 202.0 202.1 202.3
10 200.8 200.8 201.4 20D.8 201.3 200.9 201.1 201 .2
20 198.5 198.4 199.2 198.8 199.0 198.9 198.8 198.8
30 197.8 197.8 198.4 198.7 198.3 198.2 198.2 198.2
50 197.3 197.4 197.9 197.8 197.9 197., 197.7 197.7
80 197.2 1)7.3 197.7 197.7 197.7 197.7 197.5 197.6

100 197.1 197.2 197.7 197.6 197. 1

200 197.2 197.2 197,"5 197.5 197.5 19-.5 197.4 197.5
500 197.0 197.C 19 7.3 197.5 A97.2 197.3 197.2
800 197.2 1975 19'7.7 197.8 197.7 1977 197.6 197.8

i300 I 197.-, 19,1.6 197.9 197.9 197.° 197'8 197.8 197.8L....L. ___....... 3
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From the four hydrophones calibtated in Systcen K. those with serial numbers 12 and
21 were selected for calibration in the USRD System J [ 15,161 to characterize the effects
of high hydrostatic pressure. The results are shown in Table 7.

Table 7 - Results of Calibrating USRD Type 1i78A Htydrophories in System J

(unbalanced; temperature = 50 C)
Electroacoustic Characteristics

Frequency 0.345 13.8 276 -41.4 ' 55.1 68.9
(Hz) MPa MPa MPa 7 MPa MI'a MPa

I FFVS Phase; __FFVS* FFVS* FFVS* FFVs* J FFVS Phase'
Serial No. 1-2

-5-1 -2,0-4-.5 -f 204.8 [205.7 - 207.2 20961 210.6 -
7 202.3 - 4 202.5 203.4 205.1 206.8 208.4 T-

10 200.4 228.6 200.6 201.3 202.7 204.0 205.6 245.1
11 -. " 225.7 1-- -t -4 -$ 241.3
12 - 222.6 - -- -- -4 -- 240.7
13 -- 222.3 -4 -- --f . -- -- 1236.7
14 - 220.4 -- -- , --- - 236.0
15 1989 218.6 199.1 199.8 201.0 202.3 ,37 235.2
20 i 209.9 198.4 199.0 200.0 201.7 202.3 227.9
50 197.4 193.2 197.4 198.0 198.8 199.7 200.6 198.9

100 197.2 186.9 197.4 1.97.9 198.6 199.4 200.2 190.1
200 197.1 183.3 197.3 197.:; 198.5 199.2 200.0 185.4
500 197.2 179.7 197.4 197.8 198.5 199.3 200.1 180.2
800 197.5 178.1 197.4 197.9 198.6 199.3 200.2 179.3

1000 197.4 176.7 197 6 197.9 1 198.6 199.4 200.2 177.3
1200 197.6 175.8 197.'? 1981i 199.0 199.4 200.3 175.5

Serial No. 21 _

2 0 1.9 -- I205.2]206.2 207.8 2 09.7 -21i.I
7 202.7 - 203 0 20 .9 205.3 207.0 208.5

10 200.9 227.7 201.1 201.8 203.3 204.8 206.2 240.2
11 - $ 224.8 -4 -- 4 237.4

12 - i 221.1 -A -- .- i - 74 --- 237.4
13 -- 221.4 --/ i - - -4 234.2
14 -- 219.5 -4 -- t - -4 -- 232.0
15 19'..4 217.6 199.6 :00.2 2C1.5 202.7 204.1 230.2

20 198.7 209.2 198.9 199.5 200.6 20i.7 202.9 219.A
60 197.8 192.8 197.9 198.5 199.3 200.1 201.2 i97.8

100 197.7 186.5 197.8 198.3 199.1 199.9 200.8 189A
200 1 197.6 183 2 lq7.8 198.2 199.0 199.8 1 200.6 184.9

500 197.7 179.8 197.8 198.3 199.1 199.9 200W7 190
800 197.9 179.6 1979 198.3 199.1 199.9 200.7 179.4

1000 197.8 17ti.7 198.0 198.4 199.1 19i,9 • 200 177.8.1 i..,.. 20 8 ] 177.8

1200 198.0 175.1 j_198.3 198.7 19'>.5 209.6 j 00.9 17 5 .8
*Free-rield voltage sensitivity (FFVS) in -dB re 1 V//1ia; voltdge across a 40.2-Q rebhitor in serics with the

low lead to ground.
5"Acousticl phase in positive degrees. The -cfecence hydrophone was USIM type 1148, serial No. 1.
S No measurements required.
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After evaluabion in System J the H7SA hydrophone with carial number 21 was selected
as a corr%ýison standard to calibrate the remaining H78A hydrophones in a UGRD type
G4G calibrator [17). Calibrator measurements indicated that the sensitivity of all of the
H78A's were within ±0.4 dB of the standard.

After the preceding calibrations were completed, the hydrophones were installed in the
array cable by NORDA p -rsonnei. The entire array was then shipped to the USRD Leesburg
Facility for final calibration. Figure 34 shows a typical response curve for an H78A hydro-
phone in the array. Calibratioa data for each hydrophone in the array are given in USRD
Calibration Report 4467.

-- 200

001 Of 1.0
FREQUENCY (kHI)

Fig. 34 - Typical free-field voltage sensitivity of a
VEKA I-A hydrophone

USRD TYPE H78D HYDROPHONE

During the development of the VEKA I hydrophones USRD wa4 tasked by NORDA
to develop a small, inexpensive hydzophone for future arrays. The hydrophone population
of future arrays is expected to double or quadruple the present array population; thus a
reduction in cost is very desirable. A small hydrophone obviously presents a smaller bulge in
the cable and is less vulneiable to damage during deployment of the array. It is desired,
however, that the capabilities of the hydrophone be compromised as little as possible, even
though size and cost reductions will require some cornpiomises.

Description

Figure 35 is a sectiornal view of the hydrophone designated as USRD type H78D. The
hydrophone boot is an electrical-grade butyl rubber (USRD compound 79821). In the end
of the boot is an oil-fill hole; the metal po0. is vulcanized and bonded in place. Four rubber
tips are molded integral with the boot and allow the hydrophone to be snapped into a cone
adapter. The crystal assembly is sin'ilar to that of an H78A but sraaller, with aluminum
oxide caps on both ends. The crystal material is a type III ceramic. A current-mode pre-
amplifier identical to the H78A circuit is enclosed within the scrisor ?ssembly. A castable
R11O-c elastomei potting forms the cable gland and permaner.tly seals the hydrophone
boot.
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4.4 cm

3.2 cm •

-- 72cm-

Fig. 36 - Sectional view of a USRD type H78D hydrophone: (1) connector, (2) potted
cable assembly, (3, aluminum oxide end cap, (4) ceramic sensor, (5) butyl rubber boot with
integral mounts, (6) castor oil, (7) preamplifier, and (8) oil-fill screw

It is assumed that VEKA I will provide L11 the data necessa.-y to allow a sealed non-
reetexiabie hydrophone in future array.-. Therefore the I178D is not reenterable, which
eliminates the major machine parts with O-ring .rfaces as found in the A model. The
aluminum oxide caps can be obtained from the manufacturer at a moderate cost. A large-
quantity purchase would offer significai. cost reduction.

In comparison with the H78A model tVe H78D model is 46% smaller by volume, 17% I
smaller in diameter, and 21% shorter in length. A -ignificant reduction in size has been
achieved. The diameter-to-wall-thickness ratio of the crystal has been increased, which makes
the hydrophone more susceptible to high stress, but the material was changed to the more
stress-resistant type II ceramic.

Four radial'y polarized ringr with a 2.22-cm o.d., a 1,76-cm i.d., and a 0.963-cm leng'th
are bonded together and electrically v. ired fn series to form the sensor assembly. The theo-
retical sensitivity of a single crystal is -196.4 dB re 1 V/pPa; for four crystals in series 20
-184 dB. The capacitance of a single element is 2300 pF and of four elements in series is
575 pF. The sensitivity and caipacitance compare favorably with those of the E78A, the
sensitivity being 1.5 dB less and thL capacitance 4-1/2% less. This makes the noise floor
about 2 dB higher than that of the I178A.

Table 8 shows the ctlibration data of the H78D hydrophones having serial numbers 1
and 2. Measurements %ere maue in the USRD System J.

4
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Table 3 - Result- of Calibrating JSRD Type 111 8D ilydrophones in System J
(Temperature = 50C)

0 -- Free-Field Voltage Sensitivity (-GB re I V/pPa)

Frequency Serial No. 1* Serial No. 2*
(0HI .689 34.5 68.9 0.689 34.5 68.9

MPaTr MPa M Pa MPa* MPa MPa

5 2:0-.4 206.1 210.8 203.6 205.1 211.7
7 201.5 204.0 208.7 201.6 203.5 209.8

10 199.6 201 9 206.9 199.4 201.3 207.6
20 197.5 199.1 203.2 197.2 198.7 203.3
50 196.5 197.7 200.5 1.96.3 i97.4 230.3

100 196.3 197.4 199.9 196.1 197.2 199.5
200 196.3 j G7.3 199.9 196.0 197.1 199.7
500 196.4 197.6 199.9 196.:, 197.2 199.7
800 196.5 197.6 199.9 196.3 197.3 199.7

1000 196.5 197.6 199.9 1 197.3 199.7
1200 196.5 197.6 199.9 196.3 197.3 199.7

*Voltagc across a 40.2-fS resistor in seties with the low lead to ground.
¢0.689 MPa after 68.9 MPa repears within ±0.2 d&.

Cone Adapters

The cone adapters for the D model represent a significant cost reduction and are much
simpler than prev.ious models. Figure 36 shows a D-moc el hydrophcne in its cone adapter. A
small section of schedule-40 PVC pipe 3.81 cm (1-1/2 in.) in diameter serves as tho radial
strength member and hydophone mount. The rubber cones snap into L groove in the pipe as
shown, or they can be designed to slip o-'er the outsidc of the pipe and clamp in place with a
"band. Both designs were evaluated, and the latter is the least expensive, because it requires
less machining. The hydrophone slips iato the pipe and the four rubber tips (Fig. 36) are
engaged by the four holes. Othier holes can b- put into the wali of the p ipe to aid in flooding
the assembly.

I

- 0 ,M

Fig. 36 H- 1781) hydroplone with cone adapters
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Comparison of an assembled set of the D-modcl cone adapters with the MABS adapters
and VEKA I-A adapters is shown in Table 9. Mass and size havy been significantly reduced
in each new generation. Obviously the acoustical performance has been enhanced with each
new generation, as there are fewer extraneous materials in the sound field.

Table 9 - Comparison of MIABS, VEKA I-A, and D-Modei
Cone Adapter Sets

f Adapter I Mass Length Diameter
Set (kg) (cm) (cm)

MABS -•3.8 -12 4 10.2

VEKAI ,1.6 81 7.6 1
D Model -0.6 51 5.0 1

H78 VOLTAGE-MODE PREAMPLIFIER

The original design for the 1178 hydrophone preamplifier was a voltage-mode device.
The final design was a current mode circuit. The difference is that in a voltage-mode pream-
plifier the output signal is in the form of a varying voltage wl ereas in a current-mode device
the output signal is a controlled ac current. Either design ca, use a two-wire cable, but a
current-mode preamplifier can be terminated in a very low i upedance whereas the voltage-
mode device must be terminated in a high impedance. Cabve resistance will not affect the
output of a current-mode oreamplifier, but it will attenuate the output of a vAltaj,e-mode
device (cable capacitance affects both outputs). Self-noise is generally lower in a voltage-
mode design than in a current-mode design.

It was felt that crosstalk at the end of the VEKA cable would be excessive 'f the cable
wero terminated in high-impedance loads. Hence a current-mode preamplifier was ultimately
used in the VEKA project. A simplified version of the abandoned voltage-mode preamplifier
is shown in Fig. 37. In this configuration, supply current originates at the load supply EC.
It is regulated as showvn to a constant value, 'dc. This current, which is unaffected by cable
length, reaches the preamplifier and divides itself among ampiifier Al, line driver A2, and
zener diode CR1. Zenei CR1 establishes the dc supply voltage Vcc for the preamplifier. The
audio output signa is coupled by C1 and C2 to the load. The current regulator producing
Idc appears as an open circuit to this audio signal. The signal is loaded, however, by R1 and
R2. To avoid significant losses in the cable, R2 must be much f- eater than the cable resis-
tance. Resistor R1 must also be large to avoid excessive loading of A2.

One experimental voltage-mode preamplifier was used in the VEKA array $H78C). It
was a USRD .ype-H80 preamplifier which differs somewhat from the original VEKA design
described here. It served to compare voltage and current modes of operation in the array.
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v¢• R i

Cs C2
r As A2 - ?- -IF

~Y1 F CABLE >R2

PRFAMPL IFIER RECEIVER

Fig. 37 - Sim~plitied diagram of the voltage-mode preamplifier, later abandoned

CONCLUSION

A major objective of VEKA I-A is to provide a wide-r ,oerture system with increased
reliability, versatility, and performance. The approach was to specifically design hydro-
phones .A.at are .made an integral part of the cable during fabrication. The VEKA with the -
H78 hydrophones and the SARA are expected to pzov-ide important miormation for further
development of multipurpose, free-flooded, distributed sensor systems with Kevlar strength
members.
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Appendix A

CALCULATIONS OF SENSITIVITY AND CAPACITANCE
OF VARIOUS PIEZOELECTRIC SENSORS

DEFINITION OF TERMS

Symbols to be used in this appendix are defined as follows:

M0 = free-field voltage sensitivity in dB re 1 V/pPa,

e = open-circuit voltage,

P0  = incident sound pressure,

g 33 ,g 31  = piezoelectric voltage constants in V -m/N (Table Al),

KT? = relative dielectric constant (Takle Al),

co = permittivity of free space,

C = capacitance,

t = thickness between electrude surfaces,

a = inner radius,

b = outer radius,

p = a/b = ratio of the inner radius to the outer radius,

A = cross-sectional area of the electrode surface,

R = length of the cylinder.

Table Al - Piezoelectric and Dielectric Constants for Several iMaterials
1 g 3 , g3 1  KT

Material (10-3 V-m/N ) (10-3 V-m/N)

Lithium Sulfate 148 1143
Lead Metaniabate - 4.5 36.0 250
Type I -1C.7 24.5 1300
Type II -11.2 24.5 1750
Type 11I - 9.1 24.4 1000
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DISK OR PLATE

Lithium Sulphate

The free-field voltage sensitivity of a lithium sulphate disk of thickness t, when the
sound pressure is impinging on all surfaces and the size is small in comparison with a wave-
length, is

e
9 g3 3 t. (Al)

P0

If t 3.18 X 10-3 m (1/8 in.), then

e
- = 0.148 (3.18 X 10-') Vnm2 /N,
PO

and if P0 =1 pPa (10- 6 N/m 2 ), then

e = 4.7 X 10-10 V/pPa,

so that Mo = 20 log 4.7 X 10-10 = -186.6 dB re 1 V/MPa. If the crystal has a radius of 1.27 X
10-2 m (1/2 in.), then the capacitance is

C = e3 Alt = 8.85 X 10-12 KT3 Alt, (A2)

so that

C 14.6 pF.

Lead Metaniobate

For a lead metaniobate disk the sensitivity is

e - + 9-§1t' (A3)
P0  (933 2930t-'

and if t =6.35 X 10-3 m (1/4 in.) and P0 = 1 tPa, then

e 1.71 X 10-10 V,4 y'pa,

so that

M = -195 dB re 1 VfpPa.

The capacitance is giver. by equation A2. If the disk Aas a radius of 1.27 X 10-2 m, then

C = 177 pF.
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CAPkMD CYLINDER

The sensitivity and capacitance of a specific radially capped cylinder are ,r. sented in
the nmain texA, of this report; therefore' -ly the equations are presented here (equations 1
and 2 of the main text):

P b[93 3 (i 7 )+ 93 1 ((M))
and

27r e 3 Q (A 5)

C In(T' ,

SPHERE

The free-fipld volt,_ge sensitivity of a cc~r-itic sphere has been derived by Anan'eva':

-E b _ ( 2+p -- 2 P 2+p+4(M6)
P0  p2 +p+1 2 g 3 3 - 2 g3 1))

For a type T ceramic of outside radius b z 1.27 X 10-2 m and inside radius a = 0.95 X
10-2 m

a- = 1197 X 10-10 V,'pPa

•' ~ ~~~and if PO " ""0 • ,e

Mo = -198.4 dE re 1 V/pPa.

The capacitance of a sphere is given by
47r E.3 ab 4-r e0 KT3 ab

b-a b-a (A7)

so that

C = 5508 pF.

*A. A. Anan'eva, Ceramic Acoustic Detector, Consultants Bureau, New York, 1966, p 56.
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Appendix B

1178A REPRODUCIBILITY AND MATCIJlNG

In a group of hydrophones constructed to identical specifications, any variability in
sensitivity can usually be attributed to the sensor. Careful design and construction (if the
preamplifier can make the ceramic element the dominant factor. Differences it, the piezo-
electric constants g 33 and 931 of the ceramic material and, to a lesser extent, the dielectric
constant are the major causes of variability. Unfortunately slight differences in the ceramic.
composition and production techniques can cause the characteristics of ceramics to differ
not only from one manufacturer to another but also from one batch to another by the same
manufacturer.* Even crystals pressed from the same batch but fired in different furnaces
can show significant variations.

Not explicitly si.ated in t'Je VEKA hydrophone specifications, but certainly implied by
the nature of the array, is that the sensitivity and overall response of the hydrophones be
identical within practical limits. To accomriish this, the first step is to Qitairn the required
crystals from one manufacturer and from the same batch. Dimensional tolerances can be
held close to increase uniformity, especially in .... aicitaimee. in lieu ot actual calibration
of each sensor element and .4sing a ensitivity-capacitance product as a figure of merit,
normalizing the cpacitance between eacn sensor stack is the next best approach.

Tt.hy-six 1178A hydrophines wee required for the program (32 in tho array with four
spares), or 144 :Idividual crystal eleiaents. To fill this need, 160 radially polarized cylinders
of type I ceramic were obtained from Channel Industries, Santa Barbara, California. Eighty
elements polarized positive on the inside electrode and 80 polarized negative were purchased.

Eacl, cylinder was assigned a serial number; then the capacitance of each was measured
using a General Radio 1615-A capacitance bridge, and the values were recorded. Of the 80
positive elements the mean capacitance C was 2355 pF with a standard deviation o of 37 pF.
For the SO negative elements U was 2349 pF with a = 40 pF. The capacitances of all the
elements wer.? within ±3o. The standard deviation was calculated using the formula

where Ci is the individual crystal capacitance, C is the mean crystal capacitance, and N is the
niumber of elerments.

*1w. t.Timm- "Iow Electrical Field Characteristics of Piezoelectric Ceramic Rings," NRL Report 7528,

5 Jan. 1973 (AD-907,0*8l).
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After the capacitance was measured, the elements were arranged or ranked in two rows
according, to tch capacitance value, with the 80 negatively polarized elemer.t- in one row
and the 80 1 sitive elements in another. Since 144 elements w2re required to _)mplete the
66 hydrophones, the four extreme minimum capacitance elements and the four extreme
maximum capacitance elements were removed from each row, leaving the required 144 ele-
ments. The elements for each sensor assenhly were then selected by takii% two minimum
capacitance negatively polarized elerpýntfs and combining them wit, two maximum capaci-
tance positively polarized elements as shown in Fig. B1. The selection process was repeated
until all element.; were ded~cated to a specific assembly.

POSITIVE ELEMENTS
C C

MIN MAX
"" 7 0 /" 0 3 0 0 0LDO /

STACK 7rAc,(
N. N 2K °

0 0 0 0 0
C C

MAX MIN
NEGATIVE ELEMENTS

Fig. B1 - Crystal sriection process

With ;ise of the measured capacitance of each element and the series capacitance for-
"mula, the expected capacitance for the 36 sensor assemblies was calculated. The calculated
mean assembly capacitance was 588 pF with a = 1.0 pF. The calculated capacitance range
vas frorj 507 to 589 pF. The small a indicates chat the method of selecting and combining
the elenriants effec'ively normalized the capacitance between sensor assemblies.

After the crystal elements were ionded together and appropriately wired, the measured
mean capacitance of the 36 assemblies was 631 pF with a = 6 pF. The measured values were
higher than the calculated values because of stray capacitarce and fringing between the
assembled elements and because of the addition of electrode wires. All tne asseiibled sensors
were within 20 of the measured mean capacitance, with the measured capacitance ranging
from 622 to 641 pF.

To further increast uniformity of Lhe 1178A hydrophoiles, car' was taken in their as-
sembly to insure that all of the hydrophones v. 2re of the same electrical phase. This was done
by checking to see that the polarity marks indicated by the manufactur, -r on the crystals
were true and by carefully observing the marks during sensor assemLly. The assembled sen-
sors were tLen "squeeze" tested, and the direction of chaige polarity was observed on an
electromete.. Observation of the electrical phase at the output Df the hydrophorles, during
calib'ation in the G40 calibrator, served ab final test of uniformity.
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Appendix C

H78B CURRNT-MODE PREAMPLIFIER

The preamplifier used in the H78D hydrophone i3 shown schcnaticrL-" ix. Fig. C%. Thi3
circuit is identical to that of the H78A preaniplifier (Fig. 7) except for Vie addition of a
special calibration circuit consisting of components IS1, R2, R3, and R4. On1, the calibrm.
tion circuit will be explained here, since the remaining circuitry was described n-i the H78A
section of the main t ody of this repo.t.

H, 768 r0ABLE, SARA

I ÷ _ " ICR A IA +3

Ri C2 CR2 CI i4!
g ,-f .T •~: I I .• i =_

E, C3 '2 , 5

<- • -- ----- :

ILROY ICRI

C L O iR R MI

CAL C, SARA CAL S GNAL

s''•

_____________GENERATOR

-RI - - ---- - --.l -AV -30-

cJ~~~4 V~jF 0/2/ 4

C.?10 ---i V0 VCAL5'?? 45

Fi.C1 -- Schematic of th14 !17aB hydrophone preamplifier

ahowinC the interface to SARA (oAe chaSmnel

500K
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Component _.S1 is an optoisola or. Pins 2: -d 3 aý-c connected to the anode and cath-
ode resptct:i'. ely of an internal lighý-einitting d' )de (LED). Optical coupling wvithin IS!
encaies cur.-ent fic wing 'nto thc1% -levice a' pin 2 w be proportionally transfeired to output
pins 5 ~O6 wh'le znaintaining electrlikdl ._solation between input and output.

TI--- SARA cha. zis curtains a special circuit for generating a calibraLon si~~nal (Fig. 19).
'hi, s'gnal generator delivers a controlled current I0 througii a dedicated wir'ý pair to the HI

CAL and LO CAL termninais of th, pr~ amplifier. (-urrenit1 has a de bias component and an
ac -i-gital cor.apo. ent. The latter is proportion~al i z) the CAL INPUT voltage 1/~i supi1Aied by
t~he user. The cintrolled current 10 flows through the input. LED of optoisolat~er IS1. The de
compo).ent serves to bias ISI into the 1hnear nortion of its transfer characteiistics. The ae
coml;-xient is coinverted to an a,. calibration voltage across R2. This is coup~led through Y1
into the prearnplifier, simulating an acous. caily p~rodluced signal. Resisiecr R4 is a selectable
trimmner for 1 0 The circuit is designed so that many identical units can he plac-1 in series
and stimulated by the single calibration signallVV although only one 1178B was used in the
VEKA I-A artay. A more- detLailed description of the SARA calibration signal generator cir-
cuit was given in conjunction with Fig- 19. Table 'Al shows typical performance of the cali-
brati,)n portion of theý 1-78B ~Arcuitry.

Tabh! C1 - Typical Performance of the Calibration Circuit in ihe
117ýE Prea-mplifier

C unditions:--

Calibration sign~al generator ric input: 3.5 V ring

Calibration signal generator dc output: 0.63 mA dc

Frequency: 400 Hz

Temperature. 250 C

Resultant voltage aecrss ",2: 60 miV inis

Distortion: less than 1%/,
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Appendix D

ALTERNATE CALIBRATION METHOD

Early in the developmental rnase of the VEKA array project the Acoustics Division of
NRL requested that USED investigate the possibility of placing an on-board signal scurce
with each hvdrophone that could be switched in to calibrate the hydrophone. Switching
from the acoustic mode tP the calibration mrn-de was to require no additional wires in the
VE'•A cabir. Although the VEKA preampifier design had not been defined at this point, it
wa&s known that it would be a two-wire device; that is, the preamplifier supply crnTent, out-
put signal, and any necessary switching would have to share a single wire pair. This appendix
will describe the sc'heme that was developed as a result of this study. (The requirement for an
on-board signal source wts later dropped, so that this circuitry was not used in the VEKA
array.)

For the purposes of hiie investigation the g-meral hydropnone/prean'plifier configura-
tion shown in Fig. D1 was envisioned for VEKA. It operates as follows: The dc supply cur-
rent originates at the Joad supply EdC. IU flows throu,-h R1 aria R2 to zeoer di-ides CR: and
CR2. Diodes CR1 and CR2 form a voltage regulator that produces the dc supply "'oltage Vrr
for preamplifier cireit. Al. The audio output of A11 pauses through apacitorz- C1 and C2 io
the load.

ON-BOARD SiGNAL
---- SOURCE AND SWITCH - -- PREP5MPLIFIER - --- : - CABL' .-- i;AD -LA

C I < + E

LONT /.. V ---- R,2

S A

Fig. I)1 -- General t fo-wire hydrophorE vreamplifier system with an on-board sign- - ourct"
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A signal source within the hydrophone, an on-board signal source such as an oscillator,
is controlled by relay S1 When S1 is in position A, power is applied to the signal source,
and its output is connected through R3 and R4 to YI. Thus the on-board signal is voltage-
divided and placed in series with %• 1 ; this precise input signal allows the hydrophone to be
calibrated. When S1 is in position B, power is removed from the signal source. Also, the low
end of Y1 is connecced through R4 to ground. The hydrophone and preamplifier now oper-
ate in the normal acoustic mode. Placing R4 in series with Y1 is not detrimental, since the
input impedance o, A! would be much greater than 14. There are several other ways of
switching the signal source in or out, but the fundamental problem is finding a means of
stimulating relay SI. This can be done as follows: As shown in Fig. D1, the circuit contains
two switch sections: S1A and SiB. Both sections switch from posiLien A to B or vice versa
simult.aneouslý when stimulated by the control unit. The control unit causes S1 A and S1B
to switch when Vc,. ;-oes to zero. This occurs whenever the user remc.ves power at E,,. For
example, suppose SiA and SIB are in position A, the case shown in Fig D1, and that power
is on (suI:ply voltage present at Edc.. Now the user turns the circuit off by removing the
supply voltage at Edc. When this happens, SlA and SIB are switchea t.o position B. They
will remain in this position when power is next applied. If power is removed again, they will
return to position A and remain there when p)ower is reapplied. Therefore the user can con-
tol the switch from the end of the two-wihe cable merely by removing and reapplying
power.

''l~e coutrol unit and relay were givern the ianw- "magnetic flip-flop" by USRD. (A
patent application submitted for the magnetic flip-flop has been assigned Navy C.se No.
62.151.) A detailed (description of this device will now be given.

Figure D2 is a schematic diagram of the niagneiic flip-ilop. The co'~rol unit comprises
resistors R1 and R2, capacitors C1 and C2, diodes CR1 and CR2, and relay K2. Relay K1
contains the switch sections SIA and nIB. Relay K 1 is a double-pole, double-throw (DPDT)
magnetic latching r.lay w.vith internal diodes as shiown in Fig. D2. Relay K2 is a single-pole,
duuble throw (SPDT) relay in which the nermally closed (NC) contacts are used. K2 also
contains internal diodes, as show,, in '"ig. D2, but it is not a latching relay. K2 will operate
(switch ;o an open condition) whenever adequate voltage is applied to its coil. In this appli-
cation K2 is rated to operate at the Vcc potential, However, it will actually operate at
approximately (1/2)Vc and can t-iien be sustained in the open condition with only a few
volts. The circu;4 works as follows:

0 Assume switch sections S1A and SIB to be in position B, as shown in Fig. D2. Also
assume that Vcc = 0. Therefore, S2 is closed, and capacitors CI and C2 are com-
pletely discharged through S2.

* Now assume that power is applied to the circuit. As Vc, begins to rise toward its
nominal value, current begins to flow through R1 and coil A, and C1 begins to
charge. R1 is chosen so that the voltage across coil A is not enough to operate K1.
As V c continues to rise, S2 opens. Then there is no current flow through coil A,
and C1 charges to the full value of V,,.
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To perate K1, Vcc is removed (by replacing Edc with eitlher an open circuit or a
i-round). Capacitor C1 has no discharge path until S2 closes, and this occurs only
vhen Vc1 is within several volts of ground. When S2 closes, C1 discharges through

coil A and S2 to ground. This operates K1, switching SLA and SIB from position B
to position A. Ki is now latched in the new state.

* The procedure when power is next applied is as described above except that C2 is
charged. When V1c is rcmoved, C2 discharges through coil B, switching SlA and SiB
back to position B.

Vcc +2dV .dCy
Ft

K2~J

L~~ J.....
KK I 4F- Y CO COI

K - T A SI
----------- A -- SI

RI ~ ~ ~ R -R 8K.TR2PORTS II P
CR I CR2

K I =42?flC-26 (TELEDYNE)
K2zý431 DL-4K (TELEDJYNE) tj
RI R2:= 6 81(11 p92

C= CR?2 = IN 9148 L

CI C21 6.8pF, 35'IV

Fig. D2 - Magnetic fl~p-flop
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The circuit of Fig. D2 provides the desired switching functions of Fig. D1 without any

additional wires in the hydrophone cable. Switching from position A to B or vice versa will
always occur upon removal of power from the circuit. In the VEKA application one might
wish to have a means of forcing the magnetic flip-flop into a known state, say pocition A.
This would be useful, since there might be many of the flip-flops in use. The addition of five
components, as shown in Fig. D3, accomplishes this. The new components are CR3, CR4,
CR5, R3, and transistor Q1. In normal operation, CR 3 and CR5 are backbiased, and Q1 is
switched off. The circuit then operates normally, as described above.

V,,- +24 V dc
V

•2 • • S2

CR4

0DTKIA COIL Coll-

R3 CR 3A

* +
CR -C =I 91BCR1 CR2

01 22?1 CR TC2

R3 r4..'KflIr

Fig. D3 - Modified m8Filetic flP-flop
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To force K1 to positign A, the operator merely reverses Edc and ground (Fig. DI). All
of the ground connections in Fig. D3 thea become Vcc and all of the V1¢ connections
become ground connections. Wnen this is done:

* Relay K2 is not opc-rated, so S2 remains clo.ed;

* Transistor Q1 is turned on, clamping its collector at a potential near ground;

O Current flows througn CP5, coil A, Q1, and CR3 to ground, latching KI to position
A; and

* When power is next applied in the normal fashion, without reversing VC, and ground,
K1 will he in this state.

The purpose of diode CR3 is to prevent breakdown of Qi's base-emitter junction when
the circuit is connected nnrmally with no power reversal. The purpose of CR4 is to avoid
shorting V., to ground via S2 ao~d Q1 when reversing the power supply.

The basic circuit of Fit. D2 contains only ,ight cor.nonents. Relays K1 and K2 arc
each housed in small TO-5 tr•insistor-type enclosures. The circuit could be manufacturered
as a potted rnodule. The five additional components of Fig. D3 are optio, d and would add
littie to the module size. It is feasible to place ali of the components of Fig. D3, exclading
the relays and capacitors, into a sing!e hybrid circuit. Opetation of this device depends only
on the lcvel of VIC. It is affected neither by the length of the hydrophone cable nor by the
rise and fall times of Vcc.

Under certain conditions the circuit uf Fig. D2 can be simplified by removing relay K2
and resistors RI and R2. This is pors'ble if power is removed by rapidly replacing Vcc with a
low impedance to ground. Then K2 could be omitted, and point P of Fig. D2 would be con-
nected directly to Vcc. With R1 and R2 omitted, S1B contacts B and A would connect
directly to CR1 and CR2 respectively.

The magnetic flip-flop circuit of Figs. D2 and D3 waz tested successfully as a bread.
board. A Vcc of t2,' V dc was arbitrarily chosen for the study but is not critical. With com-
ponent changes the circuit will ooerate using other values of VIC
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Appendix E

VEKA I-A PROTOTYPE CABLE

A 14-m length of VEKA '-A prototype cable was furnished to USRD by NCORDA for
ealuation and to aid in the development of the hydrophones and cone adapters. The cable
has 4P twisted pairs of No. 24 AWG stranded copper wire with 0.3-mm-thicli (0.010-in.-
thick) polyvinyl insulatior. There are eight strands of braided Kevlar with six twisted
pairs of wire in each strand. The Kevlar strands are braided together in a two-under, two-
over pattern, and the assnnbiyi is overbraided with a polyester jacket with strum-suppressor
fairing.

Figure El is a photograph of a section of the prototype cable with a portion of the
polyester jacket removed. Figure E2 shows a close- view of the cable with one of the
Kevlax strands pulled back to expose the wire pairs. Figure E3 is an end cro3s-sectional
view of the cable.

rig. El - Section of prototype cable with portion of polyester jacket removed
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Fig. E2 - Close-up view of cable with one of the Kevlar strands
pulled back to expose the electrical conductors

I
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Fig. E3 - End view of cable construction
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Appendix F

ANALYSIS OF VEKA I-A CABLE FAILURE

During the hydrophone preamplifier deveopment phase, when tVe 1178B hydrophone
preamplifier had been tentatively chosen for use in the VEKA array, the Acoustics Division
of NRL requested that USRD analyze the effects of a single failure in the VEKA cable. The
cable failures to be considered were the opening of any single conductor and the shortih,g of a
any single conductor to any other conductor. Thie shorting modes to be considered were a
direct short and a short through seawater.

The results of the failure analysis are given in Table Fl. Figure C1, the H78B pream-
plifier schematic, is a diagram of a single hydrophone channel showing cable conductors A,
B, HI CAL, and LO CAL. In Table F1 subscripts are used to identify conductors for differ-
ent channels. Although 1 and 2 are the only subscripts used, they do not necessarily denote
channels 1 and 2 only; they denote any two channels. For example "B 1 shorts to LO CAL 2"
means conductor B in one array channel shorts to the LO CAL conductor in another chan-
nel. "A 1 shorts to B 1 " means that conductor A in one array channel shorts to conductor B
in the same channel.

Table F1 - Effects of VEKA Cable Failure

Short-Circuit

Mode
Failure Mode Direct Through Effect

___- H20

1. A\ opens Channel 1 is lost; other chan-
nels are unaffected.

2. B1 opens Channel 1 is lost; other chan-
nels are unaffected.

3. I1 CAL 1 opens I W± calibration function is lost
for all channels.

4. LO CAL 1 opens The calibration function is lost
for all channels.

5. HI CAL shorts to LO CAL1  X The calibration function is lost:
for channel 1 only; other
channels are unaffected.

6. II1 CAL 1 shorts to LO CAL 1  X Channel-] calibration output
signal may become distorted
due to the shunting effect of
seawa'e.,; other channels are
unafftcted.

Table continues.

60



NRL REPORT 6288

Table F1 (Continued) - Effects of VEKA Cable Failure
Short-Circuit

Mode

Failure Mode Direct Through Effect
H20

7. A, shorts to B, X Channel 1 is lost; the receiver
input resistor for channel 1
will bum out unless the fuse
blows on the +36-V de power
supply.

8. Al shorts to B1 X The dc level at the input of
receiver channel 1 rises or is
erratic; if it is er t*tic, the
erraticity will appear (ampli-
fied by 67 (:B) at the output
of receiver channe! 1.

A. A shurLs to A2 X X Some slight crosstalk appears
between the channel-1 and
channel-2 outputs.

10. A, shorts to B2  X Similar to item 7; channel 2 is
lost, itnd the input resistor of
receiver channel 2 possibly is
damaged.

'11. A1 shorts to B2  X Sinilar to item 8, except that
channel 2 is affecteI,

12. A, shorts to HI CAL, X I At least one of the calibration
LO CALI, HI CAL2 , or LEDs probably opens, elimi-
LO CAL, nating the calibration function

for the whole array, but the
ar.ay still operates acoustically,

13. A1 shorts to HI CAL1 , X Some or ah of the calibration
L6 CAL 1 , HI CAL 2 , or output signals possibly become
LO CAL 2  distorted, but the array still

operates acoustically.

14. B1 shorts to B2  X X The channel-1 and channel-2

L output signals become mixed
Tabie continues.
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Table F1 (Continued) - Effects of VEKA Cable Failure

Short-Circuit
Mode

Failure Mode Direct Through Effect
•[ H20

15. B shorts to HI CAL1 , X If the short occurs electrically

L6 CALl, HI CAL 2 , or close to the -45.V dc level on

LO CAL 2  the calibraticn line, the
channel-1 transmitter and
receiver both become
damaged; also, the calibra-
tion line probably fails, as in
item 12.

16. B 1 shorts to HII CAL 1 , X If the short occurs electrically
LO CALl, HI CAL 2 , or close to the -45-V dc level on
LO CAL2 the calibration line, the

channtl-1 t.ransmitt~r possibly
is damaged; the channel-1
receive signal possibly
becomes erratic, and the

calibration signal outputs
possibly become distorted.

117. HI CALI shorts to HI CAL 2  X The calibration fuaction is lost
for all channels bypassed by
th ? short, out acoustic opera-
tion remains normal.

18 HI CAL, short, to KI CAL 2  X The calibratiin function be-
comes distorted fcr all chan-
riels bypasseýd 'ýy the shot t, but
acoustic operation rernain.
normal.

19. HI CAL, shorts to LO CAL 2  X The calibration function is lost
for all channel bypassed by
the short, but ecoustic ope'a-

tion remains normal.

20.1 ii CAL 1 shorts to LO CAL 2  X The calibration function be-
comes distorted fo- ail chan.
nels bypassed by the short, but
acoustic operation reaviins
normal.

Table c rntinues.
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',:able Fl (Concluded) - Effects of VEKA Cable Failure

Short-Circuit
Mode

Failure Mode Through Effect

21. LO CAL1 shorts to LO CAL2  X The calibration function is lost
for all channels bypas-ed by
the short, but acoustic opera-
tion remains normal.

22. LO CAL1 shorts to LO CAL 2  X The calibration function be
comes distorted for all chan-
nels bypassed by the short, but
acoustic operation remains
normal.
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